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Embryonic kidney explants are routinely used to study the
molecular regulation of kidney development. One of the
major technical challenges has been the need to express
transgenes at high levels for prolonged periods of time.
Existing protocols derived from work with the chick have
used microinjection and electroporation with low voltage
and long pulse time. In this study, we show that a high
voltage with a short pulse time is preferable for mouse
kidney explants. Using these conditions, gene expression is
enhanced 10-fold over a 96-h period in culture with minimal
toxicity. Furthermore, by modifying the site of microinjection,
the ureteric bud or the metanephric mesenchyme can be
targeted. We suggest that our described conditions will make
microinjection and electroporation a more effective method
to study gene function in the developing mouse kidney.
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Mouse embryonic kidney explants have been used to study
the roles of signaling molecules and transcription factors
during organ development. The expression of specific
molecules can be perturbed in the explant model by exposing
the tissue to pharmaceutical agents, by blocking transcription
using RNA interference, and by expressing mutant proteins
using viral transduction. Microinjection combined with
electroporation has been used to introduce DNA into cells,1
tissues,2 and whole organisms3 and more recently to express
transgenes in embryonic mouse kidney explants.4 Most
electroporation protocols in mammalian tissues use condi-
tions that were originally described in the chick in which a
low voltage (LV) (25 V) is applied for a long pulse (LP)
(50 ms) anywhere from one to five times.3,4 A high voltage
(HV) combined with a short pulse (SP) time is reported to
lead to higher and more sustained transgene expression,
particularly in multicellular tissues.5 Here, we test how
voltage and pulse duration affect the expression of a green
fluorescent protein-tagged vector in mouse embryonic
kidney explants. We also demonstrate that the ureteric bud
and the mesenchyme can be targeted.
RESULTS AND DISCUSSION
Kidney explants from embryonic day 13 CD1 embryos were
microinjected in the pelvis or cortex with enhanced green
fluorescent protein (eGFP), electroporated, and grown in
culture. Electroporation was conducted with a LV and LP
protocol (25 V/50 ms) and two HV and SP (175 and 250 V/
75ms) protocols. Their effects on growth and GFP expression
were evaluated. The HV/SP protocols were chosen after pilot
studies showed that kidneys electroporated with HVs
(4250 V) and LP times (X100ms) grew poorly and exhibited
signs of necrosis (data not shown). The number of pulses
varied from 1 to 5, kidneys electroporated with 5 pulses showed
the highest expression of eGFP as reported in other tissues.3,6
Relative growth of kidney explants increased linearly over
96 h in culture (Figure 1a).7 Kidneys treated with 25 V/50 ms
and 175 V/75 ms grew similarly during the first 48 h
(P40.008). At the end of the experiment, growth in the
HV/SP group was roughly 70% of that in the controls and the
LV/LP group, thus the HV/SP protocol allowed for adequate
growth. The alternative HV/SP protocol (250 V/75 ms) led to
poor growth of explants and was not evaluated further.
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To monitor the efficiency of electroporation, eGFP
expression was quantified. As shown in Figures 1b, 2a, and
2b, kidneys electroporated with 175 V/75 ms generally showed
more GFP expression at each time point compared to 25 V/
50 ms. For both protocols, kidneys expressed the transgene as
early as 2 h postelectroporation (Figure 2b).
We evaluated whether the HV/SP protocol caused any
abnormality in development in two of the tissues of the
kidney: the ureteric bud and the metanephric mesenchyme.
The Hoxb7/GFPþ / transgenic mouse in which the Hoxb7
promoter drives GFP expression in the ureteric bud was used
to establish the effect of electroporation on growth and
branching of the ureteric bud.8 Kidneys were dissected from
Hoxb7/GFPþ / embryos at E13, electroporated using the
HV/SP protocol, and cultured for 96 h. The relative number
of ureteric bud tips that formed in culture was calculated. In
both untreated and treated kidneys, there was an increase in
ureteric bud tip formation (Figure 3a); however, it was
significantly greater at all time points in the untreated versus
the electroporated kidneys (Po0.05) in keeping with Gao
et al.4 There was also a difference in the branching pattern of
electroporated kidneys compared with their untreated
counterparts (Figure 3b); after 96 h in culture, the main
trunks of the electroporated kidneys were thinner and
showed less branching. However, these effects on branching
appeared to be relatively minor. The mesenchyme was still
able to undergo epithelialization in a normal manner as
shown by the presence of vesicles, comma-shaped structures,
S-shaped structures, and glomeruli seen on cryosections
obtained from cultured electroporated kidneys (Figure 3c).
By varying the position of the microinjection needle, cells
within the ureteric bud or the metanephric mesenchyme were
specifically targeted (Figure 4). DNA was injected in the renal
pelvis to target ureteric bud cells. Following electroporation,
b-galactosidase-expressing cells were detected in the ureter, the
ureteric bud trunks, and tips (Figure 4, top panel). To target
the mesenchyme, the needle was localized in the outer cortex.
Following electroporation, most of the b-galactosidase-expres-
sing cells were either in uninduced mesenchymal cells or in
stromal cells that were adjacent to ureteric bud derivatives
(Figure 4, lower panel). Rarely, b-galactosidase-expressing cells
were noted in mesenchymal structures undergoing epithelia-
lization (Figure 4, lower panel red arrow).
The efficacy of the HV/SP protocol was tested by
microinjecting and electroporating a vector encoding glial-
derived neurotrophic factor, which is known to stimulate
ureteric bud branching.9,10 Explants were microinjected in
the cortex with vectors encoding either eGFP alone or eGFP
and glial-derived neurotrophic factor. To assess branching
within the region of microinjection, the number of
cytokeratin-labeled ureteric bud tips was quantified locally
within the area of eGFP expression. Those kidneys that were
microinjected with Gdnf formed significantly more ureteric
bud tips than those that received eGFP alone (Figure 5).
Electroporation of tissues is thought to be more difficult
than single cells because of the heterogeneity of tissues and
the physical barriers created by extracellular matrix and
basement membranes.5 Canatella et al.5 subjected multi-
cellular spheroids of prostate cancer cells to different
electroporation conditions and established that a HV/SP
led to a greater amount of dye incorporation than a LV/LP.
They speculated that LV/LP protocols were more sensitive to
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Figure 1 | Comparison of electroporation using a HV and SP
versus a LV and LP time on the growth and transgene expression
of mouse embryonic kidney explants. Embryonic day 13 kidney
explants from CD1 embryos were microinjected with eGFP vector and
either cultured or electroporated with 5 pulses of 175 V/75 ms (HV/SP),
250 V/75 ms (HV/SP), or 25 V/50 ms (LV/LP) and then cultured.
(a) Growth of electroporated kidneys: The relative growth, defined
as the change in planar surface area (SA) of the kidney normalized
to its original SA, ((SAfinalSAinitial)/SAinitial) expressed in mm2 was
determined for each kidney. The data shown represents the
mean7s.e. for 10 kidneys in each group. Multiple Student’s t-tests
were performed between groups at each time point and corrected
using Bonferroni’s correction such that significance was set at
Po0.008. Each group was significantly different from the others
(Po0.008) within every time point with the exception of those
groups that were marked by a bracket (]), indicating similar growth
(P40.008). Kidneys electroporated with 175 V/75ms grew similarly to
those kidneys treated with a LV/LP for the first 48 h. After 48 h,
kidneys treated with 175 V/75 ms continued to grow, but their relative
growth was less than untreated kidneys or those electroporated with
LV/LP. (b) GFP expression of electroporated kidneys: The amount of
GFP protein expression from the eGFP vector was measured by
counting the number of GFP pixels. The data shown represents the
mean7s.e. for 10 kidneys in each group plotted on a logarithmic
scale. At each time point, there was significantly more GFP expressed
by kidneys that were microinjected and electroporated with a HV/SP
compared with a LV/LP (Po0.05, Student’s t-test).
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voltage such that a small decrease in the applied transmem-
brane potential secondary to the physical barriers of a tissue
was much more likely to lead to a decrease in transgene
expression. Other postulated advantages from a HV/SP
protocol include a reduction in thermal heating of individual
cells11 and a larger cell surface area for DNA interaction and
passage through the lipid bilayer.12,13
Transgene expression has been enhanced when tissues are
electroporated with a HV/SP followed by a LV/LP.13 The HV/SP
allows for a greater cell surface area to be permeabilized,
whereas the LV/LP permits greater intracellular transport of
DNA because of the longer pulse time.14 Although we tested
combinations of a HV/SP followed by a LV/LP in the explant
model, we were unable to improve the efficiency of transgene
expression (data not shown).
Microinjection followed by electroporation using a HV/SP
protocol offers an improved method to enhance transgene
expression in mouse embryonic kidney explants. It provides a
significant advance over the current methodology and should
facilitate the study of signaling molecules and transcription
factors during kidney development.
MATERIALS AND METHODS
Animal care and kidney culture
Kidneys were dissected from embryonic day 13 CD1 embryos
(Charles River Laboratories, Wilmington, MA, USA) and cultured as
described.7 Hoxb7/GFPþ / mice15 were mated with CD1 females.
All mice were maintained and killed according to the Canadian
Council on Animal Care guidelines.
Microinjection and electroporation
A KOPF 720 needle puller (Narishige Co., Tokyo, Japan) was used to
prepare the microinjection needles from glass capillary tubes using
the settings for velocity and temperature at 13 and 2, respectively.
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Figure 2 | Temporal expression of GFP after microinjection and electroporation using either a HV/SP or a LV/LP. Embryonic day 13
kidneys were microinjected with eGFP vector, electroporated, and cultured. (a) Light, fluorescent, and merged images of cultured kidneys: The
first three rows show light, fluorescent, and merged images of cultured kidneys in the first 24 h after electroporation with a LV/LP. In the
bottom three rows are the corresponding images after electroporation with a HV/SP. A greater amount of GFP was expressed by the kidneys
treated with a HV/SP. Images are at original magnification  32. (b) Temporal expression of GFP after electroporation: GFP expression was
detected as early as 2 h postelectroporation with both protocols. HV/SP-treated kidneys had more GFP expression at all time points, except at
2 h, than LV/LP-treated kidneys (Po0.05, Student’s t-test). The data shown represents the mean7s.e. for 10 kidneys in each group.
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An IM 300 microinjector (Narishige) was used to deliver either
eGFP (eGFP vector, Clontech), cytomegalovirus-b galactosidase, or
glial-derived neurotrophic factor cDNA in pcDNA3 at a concentra-
tion of 5 mg/ml that was combined with FastGreen FCF dye (Fisher
Scientific Inc., Ottawa, Ontario, Canada) in a ratio of 50:1. An
average volume of 0.025 ml was delivered in a total of 10 injections
per kidney. The kidneys were placed on a platinum plate Petri dish-
base electrode (CUY701-P2E, Protech International Inc., San
Antonio, TX, USA) and covered with an L-shaped platinum plate
cover electrode (CUY701-P2L, Protech International). A BTX
electroporator (ECM 830) delivered a square wave 5-pulse electric
field. The delay between each pulse was 1 s.
Whole mount antibody staining
Visualization of ureteric bud branching was performed by using an
antibody to cytokeratin (1:50, Zymed Laboratories Inc., San
Francisco, CA, USA) followed by incubation with a secondary
antibody, Alexa Fluor 594 (1:200, Molecular Probes, Eugene, OR,
USA). Samples were visualized using a Zeiss confocal microscope.
Whole mount b-galactosidase staining
Kidneys that were microinjected with cytomegalovirus-b galactosi-
dase were fixed in 1% formaldehyde and 0.2% glutaraldehyde in
phosphate-buffered saline for 30 min at 41C. Kidneys were then
stained overnight at room temperature in a solution consisting of
4 mM potassium ferrocyanide, 4 mM of potassium ferricyanide, and
1 mg/ml of X-galactose in phosphate-buffered saline. Images were
taken of whole kidneys before embedding in OCT compound.
Embedded kidneys were cryosectioned at 20 mm thickness and
visualized using a Zeiss Axiophot microscope.
Image processing, data acquisition, and analysis
Images of kidneys were obtained from a Leica dissecting microscope
with a digital camera using SPOT advanced software. ImageJ
Software (NIH, rsb.info.nih.gov/ij/) was used to quantify GFP pixels
in fluorescent images and to count ureteric bud tips. For GFP pixel
quantification, the background was first subtracted using the ‘rolling
ball’ function in ImageJ and then a predetermined threshold value of
195 was applied. Microsoft Excel was used for statistical analysis.
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Figure 3 | The effect of electroporation on the developing kidney. Embryonic day 13 kidneys were subjected to HV/SP electroporation or
left untreated and cultured. (a) Ureteric bud tip formation in Hoxb7/GFPþ / kidneys: The data shown represents the mean of the relative
number of ureteric bud (UB) tips ((number of UB tipsfinalnumber of UB tipsinitial)/number of UB tipsinitial)7s.e. Electroporated kidneys showed
a global increase in UB tip formation over time in culture. However, the amount of tip formation was significantly less at all time points
compared with the untreated kidneys (Po0.05, Student’s t-test). (b) Fluorescent images of Hoxb7/GFPþ / kidneys: Electroporated kidneys
were able to undergo ureteric bud branching but there was a reduction in the number of lateral ureteric bud tips compared with
nonelectroporated kidneys (white box inset). Images are at original magnification  32. (c) Mesenchymal to epithelial transition: Kidneys from
CD1 embryos were electroporated or untreated and cultured for 4 days. Explants were fixed, cryosectioned at 20 mm thickness, and stained
with hematoxylin and eosin. The mesenchyme was able to epithelialize similarly in electroporated and nonelectroporated kidneys by the
presence of vesicles, comma-shaped structures, S-shaped structures, and glomeruli. ub, ureteric bud; yellow asterisk, mesenchymal structures
undergoing epithelialization; g, glomerulus.
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Figure 4 | Spatial targeting of microinjection in the developing kidney. Embryonic day 13 kidneys were microinjected with
cytomegalovirus-b galactosidase in either the renal pelvis to target ureteric bud cells (top panel) or in the outer cortex to target mesenchymal
cells (lower panel) and then electroporated with 5 pulses of 175 V/75 ms. Following 24 h of growth, whole kidneys were fixed and stained for
b-galactosidase activity. Kidneys were embedded in OCT compound and cryosections were obtained at 20 mm thickness. Sections were
counterstained with eosin. From left to right, the images in each panel show a whole mount (original magnification  5) followed by a
low- and high-power image of a cryosection from that kidney. Black bar is 100 mm in length. Boxed areas in the middle column correspond
to high power views. Black arrows show ureteric bud targeted regions. In the lower panel, uninduced mesenchymal cells and stromal cells
were most easily targeted. Red arrow shows b-galactosidase expression in a S-shaped structure.
0
5
10
15
20
25
30 eGFP (n =11)
eGFP + GDNF (n =11)
*
N
um
be
r o
f u
re
te
ric
 b
ud
 ti
ps
 p
er
re
gi
on
 o
f e
G
FP
 e
xp
re
ss
io
n 
Figure 5 | The effect of microinjection of Gdnf followed by
electroporation in the developing kidney. Embryonic day 13
kidneys were microinjected with eGFP alone or eGFP and Gdnf and
then electroporated with 175 V/75ms. Kidneys were grown for 24 h,
fixed, and ureteric bud branching was assessed by whole mount
labeling with an antibody to cytokeratin. GFP pixels were quantified for
all samples such that kidneys could be paired for analysis based on a
similar amount of eGFP expression. Ureteric bud tips were quantified
within the region of eGFP expression. There were significantly more
ureteric bud tips in Gdnf-injected kidneys compared with controls
(*Po0.05, paired Student’s t-test). The asterisk indicates there is a
significant difference between Gdnf and controls.
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